Introduction
The risk of spontaneous combustion is well known in the South African coal mining industry. All major coal producers in South Africa, such as Anglo Thermal Coal, BHP Billiton Energy Coal South Africa (Becsa), Exxaro, and Xstrata Coal or their predecessors have experienced spontaneous combustion incidents in their history. As stated by Phillips et al. (2011) there is always the risk of spontaneous combustion in underground mining (e.g. the Goedehoop fire in 2008), but spontaneous combustion can take place on both underground and surface coal mines. The current problem is in surface mines and nearly always in mines extracting previously worked seams i.e. where old bord and pillar workings are exposed. In the coming years it is very possible that the rate of spontaneous combustion will increase from its present low levels, due to factors such as higher ventilation pressures, an increased rate of mining, more working of previously mined seams, etc.
It is also fairly certain that coal mining will face tougher environmental legislation limiting emissions in the near future. To ascertain the areas where spontaneous combustion risks are high, it is necessary to improve current laboratory procedures for testing and evaluating coal samples, combine the result with site and field data, and if necessary revise the laboratory rating system to better reflect South African conditions.
The current laboratory tests are conducted in order to determine both the Wits-EHAC index and the crossing-point temperature, which are combined to obtain the propensities of the coal samples to undergo spontaneous combustion. This has resulted in a database of results to review and evaluate South African coal seams. Using this database, the high-risk areas in terms of spontaneous combustion can be identified. The tests, involving 119 samples, cover five consecutive years, between 2008 and 2012. The samples were from a wide variety of different coal seams and producing coalfields. All samples have been subjected to a series of laboratory tests, and the results analysed. A comprehensive database of these results is available, and is being continually updated as new test results are added.
The spontaneous combustion test
At the School of Mining Engineering at the University of the Witwatersrand (Wits), an Spontaneous combustion risk in South African coalfields by B. Genc* and A. Cook †
Synopsis
The risk of spontaneous combustion is well known in the South African coal mining industry. In the coming years it is very possible that the incidence of spontaneous combustion will increase from current levels, due to factors such as an increased rate of mining, re-working of previously mined seams, more stooping and total extraction for underground mines, and higher stripping ratios for surface mines, leading to more spoils. It is also fairly certain that coal mining will face tougher environmental emissions legislation in the near future. To determine the areas where the risks of spontaneous combustion are high, it is necessary to improve on our current laboratory procedures for testing and evaluating coal samples, combining the results with site and field data, and if necessary revising the laboratory rating system to refine our understanding of South African conditions. Currently, laboratory tests are conducted in order to determine both the Wits-EHAC index and the crossing-point temperature which, when combined, give an indication of the spontaneous combustion propensities of the coal samples. This procedure has enabled the establishment of a database of results to review and evaluate South African coal seams. Using this database, the high-risk areas in terms of spontaneous combustion are identified. Tests have been undertaken for five consecutive years, between 2008 and 2012. In total, 119 coal samples from different coal seams and production coalfields have been analysed and classified through a series of laboratory tests. A comprehensive database of these results is available, and is continually being updated as new test results are added. This database will continue to expand, and to provide the basis for an improved risk evaluation methodology for spontaneous combustion.
Spontaneous combustion risk in South African coalfields apparatus was developed nearly 30 years ago to measure the propensity of coal to undergo spontaneous combustion. This research was funded by the Government Mining Engineer's Explosion Hazard Advisory Committee (EHAC). The apparatus is used to test coals under predefined conditions, and a combustibility index (Wits-EHAC) is obtained. Although the propensity of coal to combust spontaneously can be determined using various laboratory techniques, ignition temperature tests are commonly used to study spontaneous combustion, as they yield rapid results. Ignition temperature tests use two methods: ➤ Crossing-point temperature (XPT) ➤ Differential thermal analysis (DTA) to determine both the Wits-EHAC index and the XPT. The Wits-EHAC index is defined as:
Wits-EHAC index = (Stage II slope/XPT) × 500 (Gouws, 1987) When the temperature differential between a coal sample and an inert sample is plotted against the inert temperature, the portion of the graph where the coal is heating more rapidly than the inert sample, i.e. where an exothermic reaction is taking place, is referred to as Stage II.
According to Gouws (1987) , the characteristics of the curves plotted using the obtained results (i.e. ignition temperature tests) are used to determine the propensity of coal for self-heating, and this is the basis for the Wits-EHAC liability index. It is important to understand that when an index value of coal is greater than five, there is a high propensity for spontaneous combustion, and when an index value is less than three, there is a low propensity for spontaneous combustion. An index value of between three and five indicates that the coal sample has a relatively medium risk of undergoing spontaneously combustion. As indicated in Table I , a higher index value represents a higher risk of a coal self-heating (Gouws, 1987) .
The testing apparatus used for the Wits-EHAC index consists of an oil bath, six coal and inert material cell assemblies, an oil circulator, a heater, a flow meter used for air flow monitoring, an air supply compressor, and a computer. The temperatures are recorded every 20 seconds by the microcomputer during an average of 3-4 hours' testing time.
Detailed information regarding the testing apparatus used, as well as the testing procedure, is well documented by Genc et al. (2013) .
Results
The tests were done over five consecutive years, between 2008 and 2012, with the spontaneous combustion liability index being obtained for all 119 samples. Table II shows the summary of the results. During this period there were no low-risk samples. Figure 1 represents graphically the total number of tests in terms of medium and high propensity. Table III shows the results for spontaneous combustion tests in 2008 when 15 tests were conducted. The test results include the XPT in degrees Celsius (°C) and the Wits-EHAC index. The names of the mines have been abbreviated. All of the coal samples tested produced results that ranged from medium to high propensity to spontaneous combustion, with an almost 50/50 split between medium (8) and high (7) propensity. The minimum calculated Wits-EHAC index was ▲ 3.65, and the maximum 5.8. Figure 2 shows the 2008 test results for spontaneous combustion liability. The Wits-EHAC index margins are indicated using colours. The yellow part shading indicates the coal samples that have a value of more than 3 but less than 5, which are thought to possess a medium risk to spontaneous combustion. The red shading indicates samples that have a value of more than 5 and are, therefore, thought to have a high risk of spontaneous combustion. Table IV shows the 2009 tests results for spontaneous combustion, when 18 tests were conducted. All of the tested coal samples showed medium to high propensity to spontaneously combust, and most of the collieries have high propensity (13 out of 18). The minimum calculated Wits-EHAC index was 4.14, and the maximum 5.72. Figure 3 shows the 2009 test results for spontaneous combustion liability. Table V shows the 2010 tests results for spontaneous combustion, when 27 tests were conducted. The 2010 results show a very similar trend to the 2009 results, as most of the collieries tested had results in the high propensity range (20 out of 27). The minimum calculated Wits-EHAC index was 4.64 and the maximum 5.64. Figure 4 shows the 2010 test results for spontaneous combustion liability. Table VI shows the 2011 tests results for spontaneous combustion, when 28 tests were conducted. Although the range was similar to that previously observed (i.e. medium to high), most of the collieries tested had results in the medium propensity range (22 out of 28). The reason for the difference in the test results from one year to the next is because every coal seam has different physical and chemical properties, and these impact on its propensity for spontaneous combustion. The minimum calculated Wits-EHAC index was 3.1, which is still just above the low range identified by Gouws (1987) , while the maximum index was 5.91. Figure 5 shows the 2011 test results for spontaneous combustion liability.
Finally, Table VII shows the 2012 tests results of spontaneous combustion, when 31 tests were conducted. The 2012 results showed a very similar trend to 2011, as most of the collieries tested had a medium propensity (25 out of 31). The minimum calculated Wits-EHAC index was 3.71 and the maximum 5.75. Figure 6 shows the 2012 test results for spontaneous combustion liability. 
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Analysis
To address spontaneous combustion problems in South African collieries, 119 tests were conducted over five consecutive years and the results were rated according to the Wits-EHAC index. The analysis shows that none of the samples fell in the low-risk category. Sixty-seven out of 119 tested collieries possess a medium risk of spontaneous combustion (almost 56.3 per cent), while the remaining collieries (43.7 per cent) possess a high risk of spontaneous combustion (about a 13 per cent difference). Figure 7 shows the propensity for spontaneous combustion percentages for all 119 tests.
The results indicate that spontaneous combustion propensity is dependent on the properties of each coal seam. In 2010, when the largest high-risk rating percentage was recorded, test results showed that more than 74 per cent of the mines were in this high-risk category, compared with about 21 per cent in 2011 and 19 per cent in 2012 . In 2009 , similar to 2010 per cent of the mines had high risk ratings. In 2008, the high and medium rating percentages were very close; 47 and 53 per cent, respectively.
The results show that, given the right environmental conditions, most of the collieries located in the Witbank and Highveld coalfields have a high risk of spontaneous combustion. The high-risk areas also include the northeastern part of Ogies. The southern parts of Witbank coalfield, in the Ermelo area, are also rated high in terms of risk. Although 52 out of 119 collieries have a high inherent risk of spontaneous combustion, most of the selected collieries possess medium risk ratings. Medium risk ratings can be seen around the northern parts of Ermelo, as well as in KwaZulu-Natal Province where anthracite coal is mined.
It is interesting that there were no low-range results recorded during the five-year testing period from 2008 to 2012. This finding indicates that there is a need to re-visit the current definition of the spontaneous combustion liability index within the ranges of low, medium, or high; but this requires a further study as to how Gouws (1987) defined these ranges and, if it is necessary to change the current definitions, at what levels should the new criteria should be set. Spontaneous combustion risk in South African coalfields
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Conclusion
The inherent propensity for spontaneous combustion to occur at the selected South African collieries was analysed and classified through a series of laboratory tests. It is evident that, despite the low frequency of underground incidents, South African collieries do have the risk of spontaneous combustion. In all, 119 tests were conducted between 2008 and 2012. The test results indicated that the majority of South African collieries have medium risk ratings (56.3 per cent), and the propensity of spontaneous combustion of the collieries ranges from medium to high. There results and the subsequent analysis highlight a significant concern -that there are no low-range results , and this emphasizes the importance of monitoring the early signs of spontaneous combustion in the collieries. However, there is also the need to re-visit the definitions of low, medium, and high risk for the spontaneous combustion liability index, and this will require further research. There is already a considerable body of evidence that the seams of the Waterberg coalfield are particularly prone to spontaneous combustion, and there will be a definite need to incorporate those results into any new research.
Based on the tests results, it was found that there are high spontaneous combustion risks in the Witbank and Highveld coalfields. Relatively low spontaneous combustion risk was found in the KwaZulu-Natal coalfield, where anthracite coal is mined, as well as the northern parts of Ermelo coalfield.
